Reasons for performing study: The large size of the adult horse prevents the use of advanced imaging modalities in most areas of the axial skeleton, including the lumbosacral vertebral column. Traditional imaging techniques are frequently unable to pinpoint the underlying pathology in horses with caudal back pain. In man, lumbosacral epiduroscopy is used to diagnose and treat subjects with chronic back and leg pain. This technique may close the diagnostic gap in horses with similar clinical signs. Objectives: To evaluate the safety and feasibility of lumbosacral epiduroscopy in the standing adult horse. Study design: Descriptive, experimental study. Methods: Seven adult horses weighing 504-578 kg were sedated and restrained in stocks in preparation for aseptic surgery. Vascular dilators of increasing size were inserted cranial to the first moveable vertebra caudal to the sacrum to facilitate a minimally invasive approach into the epidural space. A flexible video-endoscope was introduced and advanced as far as its 60-cm working length permitted. Pre-, intra-and post-operative plasma cortisol samples were collected, and neurological and lameness examinations were performed prior to and during the 2 weeks following the procedure. Post-mortem examinations were conducted in 5 of the 7 horses. Results: Standing lumbosacral epiduroscopy was well tolerated by all horses. The anatomic structures in the epidural space (dura mater, spinal nerve roots, fat and blood vessels) were followed as far cranial as the thoracolumbar region. No complications related to the procedure were noted in the 2-week monitoring period following epiduroscopy. Small, organised haematomas were identified in the sacral epidural space during necropsy in one horse. No abnormalities were seen in the other 4 animals. Conclusions: Lumbosacral epiduroscopy can be performed safely in sedated standing horses. The procedure may become a valuable diagnostic tool in horses with caudal back or hindlimb pain of unknown origin.
Introduction
Back pain is a common cause of lameness, gait alterations and poor performance in horses of various disciplines [1, 2] , but identification of the underlying pathology remains difficult. The complex anatomy of the axial skeleton limits the diagnostic value of 2D imaging modalities (radiography, ultrasonography, scintigraphy) [3] [4] [5] [6] and available computed tomography (CT) and magnetic resonance imaging (MRI) scanners cannot accommodate the back of an adult horse.
Osteoarthritis of the synovial intervertebral articulations is a diagnostically challenging disease that affects the cervical, thoracic and lumbosacral vertebral column of horses. Depending on the location, synovial intervertebral articulation osteoarthritis can cause neck and back pain, ataxia, lameness and poor performance [5, [7] [8] [9] [10] . Radiographic evaluation is difficult and findings do not always correlate with clinical symptoms [4, 5, 9] . This discrepancy may be explained by painful, yet undetectable secondary changes in the soft tissues surrounding the arthritic joint. Narrowing of the adjacent intervertebral foramen leads to compression and inflammation of the passing spinal nerve [5, 11, 12] .
Compression of a spinal nerve or its roots is a common cause of leg and lower back pain in man and can result from intervertebral foramen stenosis, disc herniation, scar tissue formation after back surgery, cysts and tumours [13] . As in equine subjects, pinpointing the affected nerve can prove difficult. In cases in which MRI results are inconclusive, endoscopy of the epidural space (epiduroscopy) is successfully used to identify the site of pathology [14] [15] [16] [17] [18] [19] . The epidural space is entered between the fourth and fifth sacral vertebrae with the conscious patient in a prone or lateral position. Visual inspection of the spinal nerve roots is complemented by their careful stimulation with the tip of the endoscope ('epidural pain provocation test'). Whereas contact with a normal nerve root causes only mild discomfort, manipulation of diseased nerve roots generally elicits a pain response that can be helpful in the diagnostic work-up of the patient [20] . Additionally, epiduroscopy affords the opportunity to treat specific nerve root diseases at the time of diagnosis [21] .
In veterinary medicine, epiduroscopy has been described only in small numbers of dogs, standing cattle and anaesthetised horses [22] [23] [24] [25] . Endoscopic examination of the lumbosacral epidural space and the enclosed spinal nerves may address a diagnostic gap in horses with undiagnosed caudal back pain or hindlimb lameness.
The purpose of this study was to evaluate the feasibility and safety of lumbosacral epiduroscopy in sedated standing horses using a technique previously refined in cadavers [26] . We hypothesised that lumbosacral epiduroscopy would be tolerated by standing adult horses, would enable visualisation of the anatomic structures in the lumbosacral epidural space, and would not result in permanent neurological dysfunction or increased lameness.
Materials and methods

Inclusion and exclusion criteria
Seven horses (4 geldings, 2 mares, 1 stallion) of various breeds (4 Thoroughbreds, one Quarter Horse, one Dutch Warmblood, one Hanoverian/Thoroughbred cross) with a mean age of 9.1 years (range: 6-14 years) and weight of 546 kg (range: 504-578 kg) were included in the study.
Exclusion criteria were lameness at the walk and ataxia of greater than grade 1 [27] . Furthermore, only horses with a minimum weight of 500 kg were enrolled as the diameter of the vertebral canal at the insertion site may not accommodate the 14 Fr introducer sheath that encloses the endoscope in smaller horses [26] .
Initial evaluation
Horses were quarantined for a minimum of 10 days and then transported to the surgical facility. Following another 24-h acclimatisation period, blood was drawn to obtain complete blood count data and baseline plasma cortisol levels [28] . Standard physical, lameness and neurological examinations were also performed at this time [29] . All lameness examinations were subjectively graded using the American Association of Equine Practitioners (AAEP) Lameness Scale and objectively scored using a body-mounted inertial sensory system (Lameness Locator a ) [30] .
Preparation and monitoring
All horses received preoperative i.v. potassium penicillin (22,000 iu/kg bwt), gentamicin sulfate (6.6 mg/kg bwt) and flunixin meglumine (1.1 mg/kg bwt) administered via a jugular catheter. Following a single dose of i.v. detomidine (0.01 mg/kg bwt) and butorphanol (0.01 mg/kg bwt), a constant rate infusion of detomidine (0.2 lg/kg bwt/min) was initiated and adjusted to effect throughout the procedure [31] . Heart rate and arterial blood pressure were continuously monitored using a three-lead electrocardiogram and a transverse facial artery catheter. Every 5 min, arterial blood pressure, and heart and respiratory rates were documented. Behavioural responses to noxious stimuli were assessed subjectively by a board-certified veterinary anaesthesiologist and documented whenever a noticeable change was recognised. In order to quantify hormonal responses to surgical stress and pain, plasma cortisol levels were measured using blood samples collected at the following time points: 5-10 min prior to endoscope insertion; when the endoscope was fully inserted in the epidural space, and at 10 min after the completion of the procedure [32] .
Endoscopic approach
A technique previously described in cadavers was used to enter and examine the lumbosacral epidural space with a flexible video-endoscope [26] . In brief, flexion and extension of the tail were used to identify the first moveable vertebral joint caudal to the sacrum. If the spinous processes of two vertebrae could not be readily palpated, ultrasonography was used to locate these anatomic landmarks (Esoate, 18-MHz linear transducer b ). The overlying skin was prepared for aseptic surgery, the site of projected endoscope insertion was infiltrated with 2 ml of 2% lidocaine and the surgical field was draped (Fig 1) . Then, an 18 gauge, 70 mm needle (Percutaneous Entry Thinwall Needle c ) was inserted into the skin caudal to the spinous process of the first moveable vertebra and advanced cranially in a horizontal orientation so that the needle entered the epidural space through the vertebral foramen of the cranially adjacent vertebra. Correct needle placement was confirmed by negative pressure aspiration of fluid (using the 'hanging drop' technique) and ease of insertion of a 45 cm guide wire. In the first 2 horses, a mixture of 40 mg lidocaine and xylazine (0.17 mg/kg bwt) diluted in sterile 0.9% NaCl solution to a total volume of 5 mL was injected into the epidural space. This injection was omitted in the following 5 horses. Using a No. 11 scalpel blade, the skin opening at the site of needle penetration was enlarged and the needle replaced with a 19 cm, 8 Fr wire-guided dilator. Careful insertion and retraction of the dilator were used to adequately stretch the tissues in the interarcuate space. The same procedure was subsequently performed with dilators of increasing size (10 Fr, 12 Fr and 14 Fr; Fast Cath Hemo Set d ). When it became possible to move the 14 Fr dilator in and out of the epidural space without substantial resistance, it was removed and inserted into a thin introducer sheath. This dilator/sheath combination was then passed over the wire into the epidural space. The wire and dilator were removed and a flexible video-endoscope (Olympus BF-3C160 e ), sterilised with vaporised hydrogen peroxide, was inserted into the epidural space (Fig 2) . This instrument has a working length of 60 cm and an external diameter of 3.8 mm, and is equipped with a 1.2 mm working channel and 2-way angulation capability.
Endoscopic procedure
Subsequently, the endoscope was slowly advanced cranially. Intermittent injections of sterile 0.9% NaCl solution through the working channel of the endoscope, using a 20 ml syringe attached to a 30 cm extension set, allowed the anatomic structures to be viewed. Once the endoscope had been fully inserted into the epidural space, it was slowly withdrawn and, together with the introducer sheath, removed. The skin incision was closed with 2 simple interrupted sutures of 2-0 polydioxanone (PDS TM II f ) and a bandage (Ioban 2 Antimicrobial Incise Drape g ) was placed over the incision. Endoscopic videos and still images of the examination were obtained throughout the epiduroscopy. The duration of the procedure (skin incision to skin closure), duration of epiduroscopy (endoscope insertion to endoscope removal) and amount of saline injected into the epidural space were documented for each horse.
Post-operative care
Antimicrobial treatment was discontinued following a second injection of potassium penicillin (22,000 iu/kg bwt i.v.) at 4 h after the preoperative dose. At 12 h after the initial injection, a second dose of flunixin meglumine (1.1 mg/kg bwt i.v.) was administered before the i.v. catheter was removed. Flunixin meglumine was then given orally for a further 3 days (1.1 mg/kg bwt, administered every 12 h).
Physical examinations were performed 3 times per day for the first 3 days, twice per day for the following 4 days, and once per day during the second week after epiduroscopy. At the same times, a previously reported numerical scale for rating behaviour was used to assess horses for signs of pain [33] . Final plasma cortisol levels were measured at 48 h after the procedure.
The horses were confined to stalls for the first week and were taken out for neurological and lameness examinations only on post-operative Days 1, 3, 5 and 7. During the second week, horses were confined to pasture and submitted to neurological and lameness examinations on Days 10 and 14. Sutures were removed 10 days after the procedure. 
Post-mortem examination
Horses that could not be placed in a permanent home were subjected to euthanasia (pentobarbital, 86.7 mg/kg bwt i.v.) and subsequently to necropsy. Samples of the spinal cord, nerve roots and surrounding meninges were collected at the levels of C1, C7, T4, T10, L2, L6 and S3, fixed in 10% neutral buffered formalin and examined histopathologically. Additionally, the distance from the skin incision to the lumbosacral and caudal thoracic spinal nerves was compared with the documented length of endoscope insertion in each animal.
Data analysis
Subjective lameness and ataxia grades, and pain scores were analysed using one-way analysis of variance (ANOVA) for nonparametric data on repeated measures (GraphPad Prism Version 6.0e h ) for the effect of day (preoperative Day 0 and post-operative Days 1, 3, 5, 7, 10, 14) . Data obtained from the inertial sensor-based system (Lameness Locator a ) in the right hindlimb, left hindlimb or both hindlimbs were recorded and A1/A2 values from the inertial sensor-based system were used to identify changes in pelvic symmetry as determinants of hindlimb lameness. Inertial sensor data, cortisol concentrations and intraoperative heart rates and blood pressure recordings, all of which were considered as continuous data, were tested for normality of distribution, and one-way ANOVA for repeated measures was used to determine the effect of day on these variables. Significance was set at P<0.05.
Results
The epidural space was successfully entered and examined, utilising the full working length of the endoscope, in all 7 horses. The insertion of the dilators, introducer sheath and endoscope, and epiduroscopy were all well tolerated. No complications associated with the procedure occurred during the 2-week monitoring period following the endoscopy. Post-mortem examinations were performed in 5 horses. Horses 3 and 4 were submitted to necropsy at 2 weeks after the procedure. Horses 5, 6 and 7 were enrolled in another study before being submitted to euthanasia at 4 weeks following the endoscopy. Gross lesions related to the epiduroscopy were found in one horse (Horse 4), in which resolving haematomas were found in the sacral epidural space.
Endoscopic approach
Insertion of the needle, guide wire and vascular dilators was tolerated well (Supplementary Item 1) and only minimal signs of discomfort (tail swishing, intermittent weight shifting) were observed. These movements ceased once the tissues in the interarcuate space had been sufficiently stretched and the 14 Fr dilator/sheath combination was in place. Whereas Horses 1 and 2 received epidural lidocaine-xylazine injections, epidural analgesia was omitted in Horses 3-7. No adverse responses to the advancement and movement of the endoscope in the epidural space were noted in any of the 7 horses.
The epidural space was entered on the first attempt in Horses 1 and 5-7, whereas additional attempts were required in Horses 2, 3 and 4 ( Table 1 ). Inability to advance the guide wire beyond a few centimetres of the needle tip was a reliable indicator of incorrect needle placement in Horses 2 and 3. In Horse 4, the guide wire was easily introduced for 30 cm and the vascular dilators were placed uneventfully. Upon insertion of the endoscope, it became apparent that the introducer needle had been placed into the epaxial muscles surrounding the sacrum. The endoscope was removed and the epidural space successfully entered in the second attempt. Ultrasonography was used to identify the bordering spinous processes in Horses 3, 4 and 6.
Endoscopic procedure
The duration of the procedure ranged from 36 to 74 min (mean AE s.d. 57 AE 16 min). The endoscopic examination was completed in 8-27 min (mean AE s.d. 17 AE 6 min) (Table 1) .
Slow, intermittent saline injections through the working channel provided an excellent view of the epidural fat, small blood vessels (Fig 3) , spinal nerves forming the cauda equina and, further cranially, dura materenclosed spinal nerve roots crossing the epidural space. A mean volume of 81 mL (range: 60-100 mL) of sterile saline was used throughout the examination (Table 1) . By rotating the endoscope around its long axis and using the instrument's 2-way angulation capability, 360°evaluation of the epidural space was accomplished.
In 6 of the 7 horses, orange discolouration of the injected saline or faint swirls of blood were appreciated at some point in the epiduroscopy. The origin of the epidural haemorrhage could be isolated only in Horse 2, in which blood leaked from small vessels on the dorsal aspect of the dura mater. In Horse 4, blood entered the epidural space through and around the introducer sheath and accumulated in the sacrocaudal epidural space during the procedure.
Air entered the epidural space in all horses and occupied small segments of the epidural space near the entry site, and sporadic air bubbles could be seen throughout the entire procedure (Fig 4) .
During the procedure, there were no significant alterations in heart rate or blood pressure in any horse (Supplementary Item 2).
Post-operative evaluation
There were no significant differences between pre-and post-operative ataxia and lameness grades. The body-mounted inertial sensory system showed no significant changes in hindlimb lameness following epiduroscopy and there were no effects of day on lameness level, and no significant interaction between these variables.
During post-operative Days 2 and 3, Horse 3 developed a severe septic thrombophlebitis at the catheter site with fever (>38.5°C) that was treated with oral flunixin meglumine (1.1 mg/kg bwt, administered every 12 h) and trimethoprim-sulfamethoxazole (30 mg/kg bwt, administered every 12 h) until completion of the study. In the remaining horses, the recovery period was uneventful, with the exception of an increase in temperature in Horse 4 that resolved without treatment within 12 h and was attributed to a lower airway infection. No significant changes in scores on the numerical rating scale for behaviour were observed during the recovery period in any horse.
Plasma cortisol levels prior to (at arrival) and at 48 h after the epiduroscopy were significantly higher than during the procedure (P<0.05) ( Table 2) . No other significant differences were identified.
Post-mortem examination
Five of the 7 horses (Horses 3-7) were submitted to euthanasia. Macroscopic examination of the anatomic structures in the epidural space (dura mater-enclosed spinal cord and nerve roots, cauda equina, epidural fat and vasculature) was unremarkable in 4 horses. In Horse 4, several small haematomas were present in the sacral epidural space and the epaxial musculature over the sacrum. Multiple haematoxylin and eosinstained, paraffin-embedded sections of the spinal cord and nerve roots, e number of attempts required to achieve correct needle placement. collected from the sites described above, were examined by light microscopy. No remarkable abnormalities were found in any of the sections.
Measurements taken on the vertebral columns of the 5 horses showed that the epidural space could be examined as far cranially as the thoracolumbar area between T17 and L2 when the endoscope was completely inserted.
Discussion
The purpose of this study was to evaluate the feasibility and safety of lumbosacral epiduroscopy in sedated standing horses. The procedure was successfully completed in and well tolerated by all horses. No adverse effects or complications occurred during or in the 2 weeks following the endoscopy.
Endoscopic approach
This minimally invasive approach to the epidural space had previously been developed in cadavers [26] . Although the angle of the sacrum in the standing horse is not as steep as in a suspended cadaver, horizontal positioning of the entry needle still allowed for easy insertion of the endovascular dilators and endoscope in the standing horses. However, more than one attempt was required to enter the epidural space in 3 of the 7 horses. Although successful entry was achieved in a single attempt in each of the last 3 horses, suggesting a steep learning curve, the small diameter of the vertebral canal at the entry site and the overlying soft tissues can make the approach technically challenging [26, 34] . In horses in which the spinous processes bordering the insertion site could not be readily palpated, ultrasonography was successfully used to identify the interarcuate space cranial to the first moveable vertebra. Ultrasound-guided needle placement was not part of the experimental protocol, but could be used to further decrease the possibility of incorrect needle placement. However, the dorsocaudal orientation of the spinous processes does not always allow clear 
Feasibility in standing horses
Because of the inherent risks associated with general anaesthesia in horses, standing surgery should be considered for procedures that are technically feasible and likely to be tolerated by a conscious horse. The current study demonstrated that sedated standing horses tolerate lumbosacral epiduroscopy well. No signs of discomfort were noted during the epiduroscopy and neither plasma cortisol levels nor cardiovascular monitoring indicated increased pain or stress during the endoscopy. However, there is no infallible method of assessing pain in horses and various factors can affect the accuracy of these tests [35] . Intravenous detomidine decreases plasma cortisol concentrations and heart rate and may result in heart blocks [36, 37] . This may explain the bradycardia (supplemental item 2) and significantly decreased cortisol concentrations observed during the procedure (Table 2) . Importantly, cortisol concentrations did not change while the horses were sedated and concentrations at 10 min prior to endoscope insertion were similar to those measured during endoscopy. Within the limitations of this protocol, this finding supports the subjective impression that horses do not appear to experience pain during epiduroscopy. At 48 h after surgery, cortisol concentrations had returned to baseline levels, corroborating the low pain scores.
The spinal dura mater, as opposed to the cranial dura mater, appears to be a protective covering that lacks a rich nervous innervation and does not elicit a pain response when mechanically stimulated [38] . This may explain why gentle manipulation of the dura mater-protected nerve roots, even cranial to the reach of epidural analgesics, did not provoke an appreciable pain reaction in the horses [34] . Consequently, the use of epidural analgesia was discontinued following the procedure in the second horse and no signs of increased discomfort were apparent in the following 5 horses.
Without epidural analgesia, careful application of the 'epidural pain test' used in human subjects [20] may be possible in equine cases. Our understanding and knowledge of nerve root impingement and inflammation in horses are limited and this functional test, if tolerated by horses, may help to distinguish normal anatomic variations from pathological changes.
Safety of lumbosacral epiduroscopy
Haemorrhage: Whereas the spinal cord and nerve roots are protected by the dura mater, the epidural vasculature comes into direct contact with the endoscope. Damage to the numerous small vessels in the epidural fat and connective tissue is likely to occur with this procedure and can result in minor epidural haemorrhage. In the current study, this bleeding was shortlived and of no consequence to visualisation during the procedure or the recovery of the horse. However, continued haemorrhage from larger vessels may result in the loss of a clear endoscopic view and formation of a complicating epidural haematoma. In particular, contact with the vessels accompanying nerve roots should be avoided; haematoma formation in this location may result in nerve root compression with subsequent pain and neurological deficits. During the epiduroscopy of Horse 4, blood entered the epidural space through and around the introducer sheath and led to the formation of the epidural haematomas that were identified on post-mortem examination. It is assumed that damage to the epaxial muscles represented the source of the haemorrhage. Although epidural haematoma formation has not been reported following epiduroscopy in either human or animal subjects, the minimising of tissue trauma during the approach and meticulous handling of the endoscope are essential to avoid this potential complication.
Pneumorrhachis: Air within the epidural or subarachnoid space is an uncommon finding and is rarely associated with clinical signs in man [39] . However, air accumulation in the epidural space has the potential to cause spinal cord and nerve root compression, neurological deficits and pain [40] . Correct priming of the endoscope and connective tubing should minimise the amount of air that is able to enter the epidural space during epiduroscopy. The presence of occasional air bubbles is expected with this procedure (Fig 4) and does not appear to be a reason for concern.
Possible clinical applications
Pathology within and surrounding the caudal epidural space can result in a variety of clinical symptoms: inflammation or impingement of spinal nerve roots, secondary to synovial intervertebral articulation osteoarthritis, may cause lameness or back pain, and spinal cord compression or inflammation of the cauda equina can lead to neurological deficits. Consequently, the selection of clinical cases for lumbosacral epiduroscopy will be critical. Epidural endoscopy could be considered if established diagnostic techniques and imaging modalities fail to identify the source of back pain or lameness, but suggest involvement of the vertebral column and enclosed structures. The examination should then be carried out with great care because horses with painful conditions in the epidural space may not tolerate the exploration as well as the horses in this study did. However, based on descriptions in human medicine, focal lesions (vertebral canal stenosis, inflamed nerve roots) do not result in generalised epidural hyperalgesia, but may restrict ability to explore the epidural space beyond their location. In cases in which redness and swelling indicate an inflamed spinal nerve root, a targeted injection of corticosteroids through the working channel can be used to treat the disease at the time of diagnosis.
In addition to a working channel, a flexible endoscope suitable for lumbosacral epiduroscopy should have 2-or 4-way angulation capabilities. The external diameter and working length of the instrument used in this study were appropriate for exploration of the lumbosacral epidural space in horses weighing approximately 500-600 kg. An endoscope with a smaller external diameter is recommended for the examination of smaller horses and a longer instrument should be used in larger horses and to reach areas of concern within the thoracic epidural space.
Conclusions
Lumbosacral epiduroscopy can be performed safely in standing horses. No complications were observed in the 2 weeks following the procedure in the present study. Potentially this minimally invasive procedure will allow 
